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ABSTRACT 
Probabilistic methodologies represent an important tool to identify the suitable strategy to 
inspect and deal with the deterioration in structures such as offshore wind turbines (OWT). 
Reliability based methods such as Risk Based Inspection (RBI) planning may represent a 
proper methodology to optimize inspection and maintenance (I&M) efforts, entailing to a 
suitable life-cycle performance without neglecting the economical aspect. Moreover, the 
integration of condition monitoring information (CMI) can be done through probabilistic 
inference. In this work, a reliability-based I&M planning OWT is presented where CMI may be 
incorporated. This framework is addressing to fatigue prone details in support structures for 
OWT. As part of the results, the life-cycle reliabilities and optimal inspection times are 
calculated. The influence on inspection times resulting from wind farm location of OWT and 
data updating is illustrated. 
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1 INTRODUCTION 
Risk-Based Inspection planning, understood as an application of Bayesian decision analysis, 
has been extensively applied in the oil and gas (O&G) industry, see [1], [2] and [3]. The aim 
is to identify the optimal I&M strategy to "control" of deterioration in the structure, taking into 
account economical aspects. Unlike other structures with significant consequences of failure, 
OWTs allow due to their low risk to society, the use of cost-benefit analyses associated to a 
minimum reliability level. The offshore wind resources have been monitored since the 
beginning of the 1990's. This information can be integrated into the RBI approach. Site 
conditions such as deep water depths, waves and turbulence in wind farms, affect 
detrimentally the life-cycle performance of OWT. At deeper water locations, jacket and tripod 
type support structures can be expected to be uses in the coming years, making it relevant to 
investigate the effect of inspection during operation. 
It this work is considered RBI planning optimization for fatigue prone details in jacket and 
tripod types of OWT support structures. Representative limit state equations for ultimate 
structural fatigue failure using both linear and bilinear SN-curves and for single and wind 
farm location. The increase of turbulence in wind farms is taken into account using a code-
based turbulence model. It is also described how CMI can be integrated into a RBI format. 
2 INSPECTION PLANNING AND CONDITION MONITORING 
The I&M planning strategies should attain the minimization of overall service life costs while 
a minimum reliability level for the establish risk acceptance criteria should be achieved. Due 
to the nature of degradation processes at offshore sites, a probabilistic approach can be a 
rational tool to deal with a deterioration process where probabilistic and statistical models 
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can be formulated for prediction including the uncertainties coming from external agents, 
model uncertainties, human-actions and internal processes. 
The decision process can be summarized as follows. The structure is initially designed with 
dimensions and materials determined according to optimal design parameters z=(z1,z2,... 
.,zn), taking into account code and practical requirements. The installed structure will be 
affected by external agents, modelled by future random states of nature Xo. Monitoring 
activities "e" at the times t=(t1,t2,...,tn), including inspection and analyzing actions which result 
in inspection results "S" that are obtained depending on inspection quality modelled by 
q=(q1,q2,...,qn). Based on these monitoring results, mitigation alternatives will be considered 
regarding a fixed or adapting mitigation policy d(S). When these mitigation actions have been 
done a state of nature Xi will be the beginning of new random outcomes due to the external 
exposure and damage process. The total service life costs CT(z,e,S,d(S),Xi) can be optimized 
by minimizing the expect value of the total costs CT:  








T ., 1,2,...    t,ΔPd(S))e,z,(t,ΔP
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=≤
=≤≤   
 TL is the service life, CI is the initial costs, E[CInsp] is the expected inspection costs, E[CRep] is 
the expected repair costs and E[CF] is the expected failure costs. Equation (1) is constrained 
by limits on design parameters and that the annual probability of failure ∆PF,t has to be less 
than maxFΔP at all times, assuring a maximum annual risk-state. The n inspections are 
performed at times ti, i=1,…,n where to≤t1,t2,... .,tn≤TL. 
Due to the desire to increase the efficiency and competitiveness of wind industry in 
compliance with safety standards and requirements, surveillance systems have been 
developed. External measurements for offshore wind farms have been carried out since the 
beginning of the 1990's, see [4] and [5], having as main objectives to obtain project-related, 
long- and short-term data. For CMI, high reliability components are only considered in this 
work within a RBI framework. For these components, the surveillance activities could be 
divided in CMS and inspection activities. The inclusion of these data can be achieved 
through updating of variable and inference of data.  
The RBI methodology is concerned with updating using events at the moment of finding 
the suitable inspection and maintenance strategy. At updating, a limit state function 
g(x1,x2,…,xi)  is formulated as a function of i stochastic variables and an event function 
h(xi,x2,…,xi) representing the new information, is considered jointly. The conditional 
probability of failure is denoted by P(g(x1,…,xi) 0|h(x1,…,xi) 0 . In RBI, the limit state 
function could be related to fatigue failure and the event function can be the no-detection-of-
cracks at the inspection. Bayesian statistical methods can be used to update the density 
functions fxi(xi,qi) of stochastic variables xi considering the vector of the distribution 
parameters qi as uncertain.  
3 PROBABILISTIC MODEL 
The probabilistic models for assessing the fatigue failure life based on SN-curves and 
fracture mechanics (FM) model are briefly mentioned. For RBI planning the FM model is 
usually calibrated to result in the same reliability level as the code-based SN model. To 
evaluate the fatigue life is used the probabilistic model for fatigue failure described in [6], [7] 
and [8]. For the free flow ambient turbulence conditions and the assessment of the SN-












−= ∫  (2)
where DL stand for the accumulated damage for a linear and bi-linear SN-curve, ν is the total 
number of fatigue load cycles per year, FDF is the fatigue design factor (FDF=TF/TL), KC is 
the characteristic value of K, Uin and Uout are the cut-in and -out wind speed, fU(U) is the 
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density function of mean wind speed U. σ∆σ(U) is the standard deviation at mean wind speed 
U. The corresponding limit state equation is written: 






















where ∆ is a stochastic variable modeling the uncertainty related to the Miner rule for 
damage accumulation, t is the life time in years, XW is the model uncertainty related to wind 
load effects, XSCF is the model uncertainty related to local stress analysis. The assessing of 
the fatigue failure life based on FM-approach is described in [8].   
4 APPLICATION EXAMPLES 
A steel jacket support structure of an OWT is considered. The OWTs are assumed to have 
an expected lifetime equal to 20 years and design fatigue life times (TF) of 40, 50 and 60 
years. For the Influence coefficient the mudline bending moment for a pitch controlled wind 
turbine is used as a representative function in the support structure and/or transition node. 
SN-Linear (L) and bilinear (BL) curves will be considered for In-wind farm location (IWF) and 
single/alone (S) OWT. The design value “z” for each case is shown in table 1. In figures 1 
and 2 are shown the results of the assessment of the reliability with SN- and FM-approach. 
The reliability indices β and ∆β are related to the cumulative probability of failure (PF) and the 
annual probability (∆PF) of failure. The results in table 1 show that the design values for 
cases IWF are larger than the ones for free flow turbulence. This is due to the additional 
accumulation of fatigue from wake turbulence. For all cases the  FM model is calibrated 
considering the reliability indices in the interval from 10 to 20 years (figure 2) and their 
respective inspection in this interval. There will be inspections in the remaining part of the 
lifetime that were not included. 
 
Figure 1. Reliability indices for SN-approach 
corresponding to an cumulative probability of failure 
of case A with TF=50 years. 
 
Fig 2. Reliability indices for SN- and calibrated 
FM-approach corresponding to the cumulative 
probability of failure of case A with TF=40 
years. 
In Figure 1 and 2 are shown the resulting life-cycle assessment of reliability with SN and FM 
approach. In table 1, inspection times are shown determined with a maximum acceptable 
annual probability of failure equal to 1.0 x 10-4. Comparing the first inspection time, slightly 
earlier inspections are needed in wind farm sites due to the increase of fatigue coming from 
wake turbulence even though the design parameter z is larger. As expected lower 
uncertainty for the model uncertainties implies that the first inspection will come (significantly) 
later. It is noted that in all four cases the design parameter z is determined by deterministic 
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Table 1.Inspection times corresponding =1x10-4  and z-design parameter 
TF CASE z Inspection times (year)
40 
IWF - L 0.4939 9 
S - L 0.4309 17 
IWF - BL 0.3841 6 
S - BL 0.3306 8 
50 
IWF - L 0.5321 12 
S - L 0.4642 -- 
IWF - BL 0.4049 9 
S - BL 0.3482 11 
60 
IWF - L 0.5654 18 
S - L 0.4934 -- 
IWF - BL 0.4253 11 
S - BL 0.3657 15 
5 CONCLUSIONS 
The approach represents a viable method to obtain reliability based inspection and 
maintenance plans for fatigue critical details in offshore wind turbines, especially details in 
the tower and the support structure. The use of the RBI framework for wind farms may 
potentially be beneficial for optimizing the inspection and maintenance efforts, generating 
inspection plans assuring fulfillment of acceptance criteria for the whole wind farm. 
Furthermore, the approach could also be applied as a decision tool for estimating the 
consequences of a possible service life extension. In this paper is described the integration 
of CMI using Bayesian updating. Besides of being applied to high reliability components, this 
approach for updating within a RBI framework may be also used on different components 
with lower reliability levels having the proper limit state equations relating the real-time 
information coming from the measuring devices for different components. 
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